The disruptive effect of cholinergic blockade was tested under conditions in which either the working memory or the spatial mapping requirements of the behavioral task were emphasized. In Experiment 1, 13 rats were trained in an eight-arm radial water maze to asymptotic performance. When delays of 5, 10, 20, and 40 min were inserted between Choice 4 and Choice 5, incidence of errors in Choices 5-8 increased after pretrial (20 min) scopolamine injection (0.2 mg/kg, ip) faster than under control conditions and approached chance level with the 40-min delay. Scopolamine after Choice 4 or pretrial methylscopolamine was ineffective. In Experiment 2, 30 rats were trained in a Morris water tank. Acquisition was impaired by pretrial injection (20 min) of 0.1 and 0.2 mg/kg scopolamine, but a higher dose (1.0 mg/kg) was required to impair overtrained performance. In a working memory version of the navigation task, scopolamine administered 20 min before the first trial deteriorated retention tested 40 min later at a dose of 1.0 but not at 0.4 and 0.2 mg/kg. It is concluded that the disruptive effect of scopolamine is proportional to the demands on the working memory component of the task whereas the use of an overtrained mapping strategy is relatively resistant to cholinergic blockade.
The disruptive effect of cholinergic blockade was tested under conditions in which either the working memory or the spatial mapping requirements of the behavioral task were emphasized. In Experiment 1, 13 rats were trained in an eight-arm radial water maze to asymptotic performance. When delays of 5, 10, 20, and 40 min were inserted between Choice 4 and Choice 5, incidence of errors in Choices 5-8 increased after pretrial (20 min) scopolamine injection (0.2 mg/kg, ip) faster than under control conditions and approached chance level with the 40-min delay. Scopolamine after Choice 4 or pretrial methylscopolamine was ineffective. In Experiment 2, 30 rats were trained in a Morris water tank. Acquisition was impaired by pretrial injection (20 min) of 0.1 and 0.2 mg/kg scopolamine, but a higher dose (1.0 mg/kg) was required to impair overtrained performance. In a working memory version of the navigation task, scopolamine administered 20 min before the first trial deteriorated retention tested 40 min later at a dose of 1.0 but not at 0.4 and 0.2 mg/kg. It is concluded that the disruptive effect of scopolamine is proportional to the demands on the working memory component of the task whereas the use of an overtrained mapping strategy is relatively resistant to cholinergic blockade.
The putative role of the hippocampus in spatial mapping and working memory (for reviews, see Morris, 1983; O'Keefe & Nadel, 1978; Olton, 1983; Olton, Becker, & Handelmann, 1979 ) can be assessed not only by lesion studies but also by drug-induced interference with hippocampal function. The scpto-hippocampal cholinergic system generating the rhythmic slow waves (Vanderwolf & Robinson, 1981 ) is particularly well suited for such research because some forms of hippocampal activity can be reliably suppressed by anticholinergic drugs. A series of studies on the effect of scopolamine and atropine on spatial working memory led to controversial results. Eckerman, Gordon, Edwards, MacPhail, and Gage (1980) found significant impairment of an overtrained eightarm radial maze task with pretrial injection of 0.1 mg/kg scopolamine HC1 and complete disruption of performance with 0.3 mg/kg. This result was confirmed by Hiraga and Iwasaki (1984) with 0.3 and 0.5 mg/kg scopolamine HBr. Okaichi and Jarrard (1982) examined the effect of 0.5 mg/kg scopolamine HBr in the combined working memory and reference memory version of the radial maze task. The drug increased reference memory errors (choices of the four unbaited arms) as much as working memory errors (repeated choices of the correct arms within a trial). In an analogous test in mice, Levy, Klugc, and Elsmore, (1983) showed a
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Correspondence concerning this article should be addressed to J. Bures, Institute of Physiology, Czechoslovak Academy of Sciences, Videnska 1083, 142 20 Prague 4 -Krc, Czechoslovakia. disruptive effect of atropine sulfate (2 mg/kg) on working memory in a six-arm radial maze but found reference memory unaffected or even slightly improved. Similar differential effects of scopolamine HBr (0.1-0.8 mg/kg) on reference and working memory in the eight-arm radial maze were also described by Wirsching, Beninger, Jhamandas, Boegman, and El-Defrawy(1984) . Watts, Stevens, and Robinson (1981) reported slow acquisition of an 8-arm radial maze task in rats receiving 0.5 mg/ kg scopolamine HC1 before each of the 14 daily acquisition trials. In a similar study, rats receiving 0.3 mg/kg scopolamine HBr (Stevens, 1981) failed to learn the 8-arm radial maze task, when 10-s interchoice confinement in the center of the maze prevented the use of nonspatial strategies. In the last two studies, the same doses of scopolamine also impaired performance of overtrained rats in a radial maze task. Buresova and Bures (1982) found no deterioration of performance of highly overtrained rats in a 12-arm radial maze task by 0.1 mg/kg scopolamine HBr. This dose of the drug increased the incidence of errors in the second half of the trial, however, when a 5-min interval had been inserted between Choice 6 and Choice 7. Finally, Godding, Rush, and Beatty (1982) injected 1.0-5.0 mg/kg scopolamine HBr during the 5-hr interval inserted between Choice 4 and Choice 5 in an 8-arm radial maze and found performance in the second half of the trial almost unaffected.
Interpretation of the above results is complicated by the scopolamine-induced decrease of salivation which makes dry food unpalatable. This was the reason why Watts et al. (1981) and Stevens (1981) used chocolate chips and Godding et al. (1982) used 8% sucrose as reward in the radial maze arms.
Because similar doses of methylscopolamine do not impair radial maze performance (Eckerman et al., 1980; Hiraga & Iwasaki, 1984) , the peripheral effects alone are probably not disruptive, but they could potentiate the central ones in case of food-motivated tasks.
Cholinergic impairment of spatial memory has also been demonstrated in the aversively motivated water tank navigation task (Morris, 1981) . Sutherland, Whishaw, & Regehr (1982) reported failure of rats injected 30 min before training with atropine sulfate (50 mg/kg) to locate the position of the underwater platform by spatial mapping. As only one dose of the drug was used in this study to influence acquisition of the task and no attempt was made to assess the atropine effect on retrieval of an overtrained task and on the working memory version of the navigation test (Morris, 1983) , it is impossible to make any statements about the relative sensitivity of the above behaviors to cholinergic receptor blockade. The purpose of the present study was to compare the effect of scopolamine HBr on an aversively motivated radial maze task (radial water maze; Buresova, Bures, Oitzl, & Zahalka, 1985) with its effect on the water tank navigation task, to assess the drug effects on acquisition and retrieval of permanent spatial memories and on continuous and delayed working memory performance. It was hoped that this approach may help to resolve the controversy between the spatial mapping and working memory theories of hippocampal function.
Experiment 1
In an attempt to assess the significance of food motivation in the radial maze task, Buresova et al. (1985) introduced the radial water maze in which rats swim to underwater benches at the far ends of the maze arms. Because the proficiency of rats in the radial maze is often ascribed to the resemblance of the task to situations encountered during foraging (Olton, 1979; , it was rather surprising that the acquisition rate and asymptotic performance levels in the radial water maze were similar to those in the elevated maze (Bolhuis, Buresova, & Bures, 1985) . This indicates that the "shift" strategy is not unique to appetitive tasks but that it can also be applied to aversive situations. Because druginduced disruption of an aversively motivated working memory task would not be confounded by impaired appetite, the aim of Experiment 1 was to test the effect of scopolamine on the rats' behavior in the radial water maze.
Method
Subjects. Thirteen male hooded rats obtained from the breeding colony of the Institute were used. The animals were 4 months old at the start of the experiment. They were housed in group cages (3 or 4 animals per cage) in a room with constant temperature and natural lighting conditions. The animals had free access to food and water.
Apparatus. An eight-arm radial water maze was used, as described by Buresova et al. (1985) . It consisted of a circular pool (120 cm in diameter) filled with water of 25 °C, with eight channels (12 X 40 X 40 cm) projecting radially from a central area (30 cm in diameter). A circular platform (diameter, 12 cm) in the middle of the central area could be moved vertically by a pneumatic device between the upper position I cm above the water surface and the lower position at the bottom of the pool. At the far end of each channel was a bench (8 x 10 cm), 1 cm below the water surface, which could be collapsed to the bottom of the pool. The water was covered with a continuous layer of white styrofoam granulas so that the benches were not visible from above the water surface. The maze was placed in a fixed position in a room with a large window in one wall and shelves and cupboards on the other walls.
Procedure. The rats received one trial in the radial water maze per day. At the beginning of each trial, the rat was placed on the central platform. After 15 s the platform was lowered, and the rat was forced to swim until it reached a bench at the end of one of the eight arms and climbed upon it. After 20 s the bench was collapsed, and the rat had to return to the raised central platform. The bench remained lowered for the rest of the trial. The sequence was repeated until all eight channels had been visited. A visit to a channel that had already been entered in the same trial was recorded as an error. The central platform was not raised, and the rat was allowed to choose again until a correct choice was made. At the end of the trial, the animal was removed from the apparatus from the last visited bench.
Training continued until asymptotic performance had been reached. Before the start of the present experiment, the animals had received more than 60 trials in the apparatus, including various within-trial delays (cf. Bolhuis et al., 1985) .
Drug administration. The rats were given injections of scopolamine HBr (0.1 mg/ml of saline, 0.2 mg/kg, ip). Trials in which the drug had been administered were always followed by at least one trial without treatment and preceded by a saline-injection trial.
First, scopolamine was injected either 60 or 20 min (two trials) before the beginning of the trial. In a further series of trials, a delay of 5, 10, 20, or 40 min was inserted between Choice 4 and Choice 5. The animal was allowed to return to the central platform, from which it was removed, placed in a waiting cage with a 100-W overhead lamp, and after the interval was returned to the central platform to complete the trial. Again, the rats received injections of either saline or scopolamine (0.2 mg/kg, ip) 20 min before the beginning of the trial.
In two further trials, either saline or scopolamine (0.2 mg/kg) was injected (ip) directly after Choice 4 in a trial with a 40-min midtrial delay. Finally, scopolamine methylbromide was injected 20 min before the beginning of a trial with 40-min intertrial delay.
Results and Discussion
Practically no errors were made in Choices 1-4. The incidence of errors in the second half of the trial (Choices 5-8) for scopolamine and saline injection trials at the various delays is shown in Figure 1 . A two-way analysis of variance on the number of errors in the second half of the trial, with repeated measures on both variables, revealed significant effects of treatment, F(l, 108) = 15.76, p < .001, and delay, F(4, 108) = 10.55, p < .001, and a significant interaction between these two variables, F(A, 108) = 3.19, p < .05. Subsequent NewmanKeuls tests showed that the difference in the numbers of errors after scopolamine and saline treatments was not significant in uninterrupted trials but that with all delays the difference was significant. In none of the delayed saline trials was the number of errors significantly different from the uninterrupted value. In the scopolamine trials, the number of errors after delays of 20 and 40 min was significantly higher than in the uninterrupted trials. The error incidence in Choices 5-8 was significantly below chance (two errors) for all delayed saline trials (p < .01). After scopolamine injection it was significantly below chance with delays of 5, 10 (p < .001), and 20 (p < .05) min but not with a delay of 40 min, ?(12) = 1.39. In order to check the peripheral effects of the drug on performance of rats in a 40-min-delay trial, scopolamine methylbromide (0.2 mg/kg) was injected 20 min before trial onset. Performance in the second half of the trial after 40-min delay was not affected by this treatment. The animals made 0.69 ± 0.24 error compared with 0.68 ± 0.13 error after injection of saline.
The results indicate that the deteriorating effect of the drug on choice accuracy in Choices 5-8 increases with the duration of the midtrial delay. Furthermore, comparison of the results of the injection of scopolamine at 20 rnin before Choice 1 and directly after Choice 4 in a 40-miti-delay trial suggests that the drug mainly affects acquisition. Retrieval would be influenced almost equally under both conditions, whereas state-dependent effects (Overton, 1964) would be most pronounced with the drug applied after Choice 4. Finally, the scopolamine methylbromide experiment shows that the peripheral effects of the drug do not significantly contribute to the working memory impairment.
Experiment 2
The dependence of the scopolamine-induced radial maze deficit demonstrated in Experiment 1 on the duration of the midtrial delay suggests that the effect is due to interference with the working memory requirements of the task rather than to impairment of spatial mapping. This is not surprising, because radial maze performance is resistant to chronic decortication or to enucleation (Goodale & Dale, 1981; Zoladek & Roberts, 1978) , that is, to interventions preventing accurate use of cognitive maps. The aim of Experiment 2 was to test the effect of scopolamine on performance in the Morris (1981) water tank task during acquisition, after overtraining, and in the working memory version of this test.
Method
Animals. Thirty male hooded rats aged 3 months were obtained from the breeding colony of the Institute. Housing conditions were the same as in Experiment 1.
Apparatus. A circular pool (130 cm in diameter, 50 cm high) with a white plastic wall was filled 30 cm deep with 25 "C water made opaque by adding 200 g of powdered milk per 100 liters of water. A clear plastic platform (10 cm in diameter) was covered with a white cloth and mounted on a heavy support I cm below water surface. The pool was arbitrarily divided into four compass quadrants, and the platform was placed in the middle of one of the cardinal radii (N, E, S, W). The naturally lighted room contained a number of cues well visible from the pool: a window, a door, various equipment racks, and so on.
Procedure. On Day 1, all rats were allowed to swim 3 min in the pool. The invisible platform was introduced on Day 2, and the animals were allowed to find it. At the beginning of each trial, the experimenter lowered the animal, facing the wall of the pool, into the water and started the stopwatch. The time to reach the platform was measured with 0.5-s accuracy. When the animal failed to find the platform within 60 s, it was placed on it by hand. After spending 30 s on the platform, the animal was put into the water at a different starting position. For the island location N, starting points W, S, or E were used four times in a daily session of 12 trials. Training continued with the same platform position on Day 3 and on 4 subsequent days. Scopolamine was applied either 20 min before the first training session (acquisition) or 20 min before the sixth session (retrieval). The overtrained rats were later used in the working memory version of the navigation task. Only two trials were given per day. In the first one, the animal had to find the platform in a new position. In the second trial, 40 min later, the animal was started from the same point for the same position of the platform. Goal and starting positions were changed daily. Scopolamine was used only after the performance of the animals in this task had stabilized. The drug was injected 20 min before the first trial. At least 2 control days were inserted between drug sessions. Figure 3 shows the effect of two doses of Scopolamine HBr on the acquisition of the navigation task in naive animals.
Results and Discussion
Whereas 0.1 mg/kg scopolamine interfered with learning, 0.2 mg/kg caused a serious impairment manifest as a flat learning curve. One-way analysis of variance performed on the escape latencies of the last six acquisition trials in the three groups indicated a significant effect of the drug, F(2, 27) = 38.7, p < .001. Newman-Keuls multiple comparisons showed a significant difference between 0.1 and 0.2 mg/kg scopolamine groups, both of which were significantly different from the control group. During retraining on Day 3, escape latencies in the first block of trials were decreased in the control group, t(9) = 3.5, p < .01, paired comparison, but not in the scopolamine-treated groups. This indicates that training under scopolamine was poorly remembered even in the 0.1 ing/ kg group. After four daily sessions, performance of all groups became asymptotic. The animals were reassigned in a bal- Group ns -10. Note that no scopolamine was applied before retention testing.)
anced manner to new groups consisting of approximately equal numbers of rats treated with the two doses of scopolamine or saline on Day 2. Forty minutes before the sixth test, the animals were injected with saline (control group) or 0.2 or 1.0 mg/kg scopolamine HBr. As shown in Figure 4 , performance was not significantly affected by the 0.2 mg/kg scopolamine dose which had disrupted acquisition of the task. One-way analysis of variance showed a significant effect of the treatment on escape latency, F(2, 27) = 51.4, p < .001. Subsequent Newman-Keuls multiple comparisons indicated that the 1.0 mg/kg group was significantly different from the saline (p < .001) and 0.2 mg/kg scopolamine (p < .001) groups; the difference between the latter two groups was not significant. The working memory version of the navigation task was examined in all 30 rats. Each animal was tested with three scopolamine doses (0.2, 0.4, 1.0 mg/kg) which were applied in a counterbalanced sequence and separated by 2-3 drugfree days. The results, summarized in Figure 5 , indicate that scopolamine affected working memory only at a relatively high dose. The average escape latency in the first trial was 21 ± 3 s and dropped to 54% ±11% of this value in the second trial under control conditions. Scopolamine applied 20 min before the first trial did not significantly change the escape latency (21, 22, and 19 s, respectively). One-way analysis of variance with repeated measures indicated, however, that retrieval latencies (expressed in percentages of the first-trial latency) were significantly affected by the treatment, F(3, 87) = 4.27, p < .01. Newman-Keuls multiple comparison tests showed that performance after injection of 1.0 mg/kg scopolamine was significantly different (p < .001) from that in the control condition and from that after injection of the two lower scopolamine doses. No other differences were statistically significant.
The results of Experiment 2 support the notion that scopolamine impairs acquisition more than retrieval of spatial memory. Poor retrieval on Day 3 in the groups treated with scopolamine on Day 2 indicates that the drug caused true acquisition failure rather than performance deficit. A higher dose of scopolamine (1.0 mg/kg) impaired retrieval even in highly overtrained rats, however. The average latency (20 s) found in this group on Day 7 is similar to that of untreated rats searching for a randomly located island (21 s in the first trials of the working memory version of the task). It seems that overtrained scopolamine-treated rats failed to remember the exact position of the platform but that the drug did not disrupt a more general behavioral strategy directing them to search to the most likely locations.
This assumption was confirmed in the working memory experiments in which up to 1.0 mg/kg scopolamine did not significantly prolong latencies of the first trial. The deterioration of retrieval after the 1.0 mg/kg scopolamine dose can reflect either the failure to record platform location during the acquisition trial or a retrieval failure resembling that found 20 min after a similar dose of scopolamine in rats overtrained in the reference memory version of the task.
General Discussion
The present attempt to find differential effects of anticholinergic drugs on spatial mapping and working memory was only partly successful. Experiment 2 confirmed the report by Sutherland, Whishaw, and Regehr (1982) that acquisition of the navigation task is impaired by cholinergic blockade. Because the atropine used by Sutherland et al. was about 10 times less effective than scopolamine, their 50 mg/kg dose corresponds to approximately 5.0 mg/kg scopolamine and is thus well above the range used in the present experiments. Sutherland et al. did not see any signs of learning on Days 1 and 2 (Trials 1-8 and 9-16). Improvement in the first four trials on Day 3 suggests, however, that with more prolonged training, their rats were able to develop a nonmapping strategy similar to that used by rats trained to search for a randomly located platform. That finding is consonant with the present results showing that a relatively high scopolamine dose (1.0 mg/kg) interferes with spatial mapping even in overtrained animals but that the latency increases only to the level corresponding to that in rats searching for a randomly located platform. The use of lower scopolamine doses demonstrated that performance of overtrained rats is not disrupted at concentrations that prevent acquisition of a mapping strategy. The results of Experiment 1 indicate that scopolamine affects performance in the radial water maze. This finding suggests that the failure of food-motivated rats to run in the radial maze is not due to reduced salivation. The main result of Experiment 1 is that the effect of scopolamine on performance is proportional to the midtrial delay. Because the dose used did not affect retrieval when applied immediately after completion of the first half of the trial, the effect is probably due to interference with the acquisition phase of the delayed radial maze experiment. It is conceivable that the memory trace formed under scopolamine is weaker than in untreated rats and that the difference is apparent as faster decay. This is consonant with the assumption that the rate of memory decay is a function of trace strength (Wickelgren, 1973) .
The rapid decay of working memory in the radial water maze contrasts with the results of Godding et al. (1982) , whose rats made only 0.5 error in Choices 5-8 when a 5-hr delay was introduced between Choice 4 and Choice 5. Procedural variables (87 days of pretraining, longer maze arms), which may account for long memory persistence in these experiments, were discussed elsewhere (Bolhuis et al., 1985) ; the failure of Godding et al. (1982) to see a more pronounced scopolamine effect can be due to injection timing-scopolamine (up to 5 mg/kg) was injected 3 hr before the acquisition or before the retention phase of the experiment. No effect was seen with scopolamine injection immediately following Choice 4, that is, 5 hr before the second half of the trial. Godding et al.'s (1982) conclusion, that scopolamine does not impair retention of the spatial information acquired immediately before drug administration, is consonant with the present finding that scopolamine does not deteriorate delayed performance when administered immediately after Choice 4.
It is conceivable that scopolamine affects the two tasks in different ways. It interferes with the navigation test by blocking cholinergic inputs to neocortex and hippocampus (Wenk, Bigl, & Meyer, 1980) which are essential for the mapping solution of the task. Performance in the Morris water tank is permanently blocked by decortication (Whishaw & Kolb, 1984) which slows down but does not prevent acquisition of the radial maze task . As decorticated rats can learn to find a visible platform (Whishaw & Kolb, 1984) , it appears that an intact cortex is essential for place learning but not for cue learning. From this point of view, the navigation task is more sensitive to interference than the radial maze task, in which availability of proximal cues enables orientation of decorticate (Kolbet al., 1983) or blind (Goodale & Dale, 1981; Zoladek & Roberts, 1978) rats. On the other hand, hippocampectomy impairs both the working memory component of the radial maze behavior (Olton, 1983; Olton etal., 1979; Olton & Papas, 1979) , and place learning (Morris, Garrud, Rawlins, Rawlins, & O'Keefe, 1982; Sutherland, Kolb, & Whishaw, 1982; . attempted to dissociate place learning and working memory in the partially baited radial maze. According to Olton and Papas (1979) , hippocampectomized rats remember the position of unbaited arms stored in their reference memory but cannot remember which baited arms were visited in the particular trial. Several attempts to replicate this finding failed, however. Jarrard (1983) , Nadel and McDonald (1980) , and Oades (1981) found that hippocampectomy affects reference memory as much as working memory in the partially baited radial maze.
Another possibility of how to resolve the controversy between the place and working memory explanations of interference with radial maze performance is to test the effect of various interventions under conditions in which either the mapping or the working memory requirements of the task are emphasized. It can be argued that use of midtrial delays increases the demands on the working memory component of the radial maze task, without affecting the place component. An interference caused by disruption of mapping should be independent of the duration of the midtrial delay (O'Keefe & Nadel, 1978) . On the other hand, a procedure the disruptive effect of which is proportional to the duration of the midtrial delay obviously affects working memory.
Comparison of the scopolamine effect in the radial water maze with that in the water tank navigation task reveals that the use of an overtrained mapping strategy is relatively resistant to cholinergic blockade. The finding that performance in the working memory version of the navigation task is less disrupted by scopolamine than in the similarly delayed radial maze task probably reflects less stringent demands on working memory in the former (single item, win-stay) than in the latter (four out of eight items, win-shift) test.
The above conclusions are consistent with the evidence that the navigation task is critically dependent on mapping whereas the radial maze can be successfully solved even by rats in which the use of mapping strategy has been eliminated by enucleation or decortication. Mapping can contribute to, but is not a prerequisite of, correct radial maze performance.
If the radial maze task is disrupted by scopolamine doses that do not interfere with the use of mapping strategies in the overtrained navigation task, working memory could be the factor affected by cholinergic blockade.
